Polony Multiplex Analysis of Gene Expression (PMAGE) in Mouse Hypertrophic Cardiomyopathy
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We describe a sensitive mRNA profiling technology, PMAGE (for "polony multiplex analysis of gene expression"), which detects messenger RNAs (mRNAs) as rare as one transcript per three cells. PMAGE incorporates an improved ligation-based method to sequence 14-nucleotide tags derived from individual mRNA molecules. One sequence tag from each mRNA molecule is amplified onto a separate 1-micrometer bead, denoted as a polymerase colony or polony, and about 5 million polonies are arrayed in a flow cell for parallel sequencing. Using PMAGE, we identified early transcriptional changes that preceded pathological manifestations of hypertrophic cardiomyopathy in mice carrying a disease-causing mutation. PMAGE provided a comprehensive profile of cardiac mRNAs, including low-abundance mRNAs encoding signaling molecules and transcription factors that are likely to participate in disease pathogenesis.
O ne of the central goals in cell biology is to define the complete repertoire of RNA transcripts that drive essential physiologic processes and to understand how transcription changes with pathology. Several powerful technologies are available to study large-scale transcriptional changes, including microarrays and serial analysis of gene expression (SAGE) (1) (2) (3) . However, these technologies have limitations that preclude comprehensive interrogation of gene expression. For example, microarray-based approaches have a limited ability to detect lowabundance RNAs and they can produce misleading results owing to cross-hybridization (4). Because SAGE involves dideoxy sequencing of concatenated cDNA ditags, this approach provides the statistical rigor of digital quantification and addresses some of the limitations associated with hybridization-based platforms (5) . In practice however, the cost of SAGE experiments limits sampling depth, which diminishes sensitivity for interrogation of rare transcripts.
To obtain comprehensive mRNA profiles that include rare and potentially important transcripts expressed at levels as low as <1 copy per cell, we developed polony multiplex analysis of gene expression (PMAGE) (6) . This method permits accurate quantitative assessment of mRNA expression because individual cDNA molecules are directly subjected to sequencing without antecedent library amplification, concatenation, or subcloning. In PMAGE, individual cDNA template molecules are clonally amplified onto each polony bead in millions of parallel, compartmentalized droplets formed in a water-in-oil emulsion (7) . Polony sequence-by-ligation (SBL) (8) is used to provide an accurate, inexpensive, and multiplexed platform for high-throughput DNA tag sequencing. SBL takes advantage of the high discriminatory power of DNA ligase to iteratively label each bead with a fluorophore encoding the identity of a base within the template. Microscopy-based detection of fluorescence ligation events permits the assessment of as many as 5 million cDNA molecules per run, and digital quantification of tag data accommodates rigorous statistical analysis over a broad dynamic range of mRNA expression.
The critical first step in PMAGE is the manufacture of tag libraries (Fig. 1A) . Double-stranded cDNA is synthesized from total RNA and bound to oligo(dT) ferromagnetic beads. cDNAs are then cleaved with an anchor endonuclease, Nla III, leaving a 4-base pair (bp) 3′ overhang, which is ligated to an adapter containing an Acu I type IIs endonuclease recognition site. Digestion with Acu I cleaves 16 bases from the nonpalindromic recognition sequence and releases the adapter with its 10-bp cDNA sequence tag (plus a 4-base CATG anchor sequence) ( fig. S1 ). The tag is subsequently ligated to a reverse adapter containing a 2-bp 3′ degenerate overhang. From the total RNA, 10 mg generates sufficient library template, in principle, to perform up to 90 experiments, each with >4 million polonies [supporting online material (SOM), note S1]. This method of in vitro library construction ensures a faithful representation of mRNA levels because each mRNA molecule is converted into one cDNA template and one polony.
Because PMAGE requires a highly accurate sequencing methodology, we improved upon polony SBL, which has a median raw sequencing accuracy of 99.7% for reads placed against a reference genome (8). We optimized the performance of polony SBL through five specific modifications [detailed in SOM, figs. S2 to S5, and notes S1 to S4]. The polony beads were bound directly to glass rather than embedded in an acrylamide matrix (Fig. 1B and SOM, note S2), allowing an arraying density two or three times that of SBL. This modification allowed beads to coat the gel-less glass surface as a monolayer in a single focal plane (Fig. 1C) , which improved microscopy-based imaging, data yield, and signal coherence ( fig. S5) .
To assess the utility of PMAGE for obtaining comprehensive transcriptional profiles, we studied mouse myocardial tissues. Cardiac tissue poses a challenge for detection of rare transcripts, because of the heterogeneity of resident cell types and the considerable abundance of mRNAs encoding sarcomere and mitochondrial proteins ( fig. S6 ). We constructed two PMAGE libraries from cardiac left ventricles of 8-week-old mice; one library was derived from wild-type mice, the other from aMHC 403/+ littermates that carry an R403Q missense mutation (in which glutamine replaces arginine at codon 403) in one allele of the endogenous cardiac a-myosin heavy-chain gene. R403Q is orthologous to a human mutation that causes hypertrophic cardiomyopathy (HCM). aMHC 403/+ mice recapitulate human HCM (9) with development of cardiac pathology after 25 weeks of age. We studied young mutant mice (denoted as prehypertrophic), to identify early transcriptional changes involved in triggering hypertrophy, increased myocardial fibrosis, and other protean manifestations of HCM. For comparison, we constructed SAGE libraries (10) from the same RNAs.
We produced PMAGE libraries from normal and mutant tissue using different primer-bound beads, so that both libraries could be loaded onto the same array and sequenced simultaneously. Primers bound to each set of beads contained a unique oligonucleotide sequence, which allowed data from the two libraries to be distinguished by hybridization analysis (Figs. 1, D and E, and SOM, notes S1 and S3). The two PMAGE libraries were assembled into one array consisting of 53.8 million beads (that included polonies and beads without tags). About 5.5 million polony beads (~10%) met criteria for containing clonal and well-amplified cDNA tags. Sequence reads from~4.7 million polonies (~86%) yielded 14-bp tags, which is consistent with the predicted cleavage behavior of Acu I ( fig. S1 ).
Sequencing errors in abundant tags are a source for false-positive detection of rare transcripts. To minimize this error, we implemented an approach similar to the strategy used to evaluate~3.5 million human SAGE tags in a metaanalysis of 84 published SAGE libraries (11) . The sequence of each PMAGE tag was compared with all other tags in the library for potential error-derived substitutions. If criteria were met for sequencing error (SOM, note S4), the tag was excluded. This correction removed 278,955 tags from 4.7 million PMAGE tags. We also excluded single-copy PMAGE tags (59,302) from the combined libraries, on the assumption that REPORTS on June 8, 2007 www.sciencemag.org random errors were more likely to generate singleton tags. If we assume that all excluded tags reflected sequencing errors, the maximum calculated tag error rate for PMAGE was 7.1%, a value that compared favorably with reported tag error rates (6.8 to 9.4%) from dideoxy sequencing of SAGE libraries (2, 11) . The final yield was 4,402,432 filtered PMAGE tags, with roughly equal yields for the normal and mutant libraries ( Table 1 ). The full lists of differentially expressed PMAGE tags (table S1), UniGene clusters (table  S2) , and transcription factors (table S3) are provided as SOM (descriptions in note S4).
Technical replicates of a PMAGE library were highly reproducible (R = 0.9986; fig. S7 ), which compared favorably with previously published data on SAGE (R 2 = 0.96, R~0.98) (12) . Base composition in PMAGE data did not reveal noticeable base bias, and distributions did not deviate from expected ( fig. S8) . Comparison of tag counts in SAGE and PMAGE libraries constructed from the same RNA were highly correlated (R = 0.8876), which provided an independent validation of PMAGE data ( Fig. 2A) . However, data yields were markedly different between these two technologies (Table 1 and fig.  S6 ). Using PMAGE, we sequenced more total tags by a factor of 31 than with SAGE, which included four times as many unique tags, and we identified twice as many genes as in SAGE. PMAGE identified expression of more than 10,000 genes that were undetected by SAGE.
Analyses of >2 million PMAGE tags per library provided sufficient sampling depth to capture rare transcripts ( fig. S9 ) and to provide redundant coverage of the estimated 300,000 transcripts per cell (13) fig. S6) ]. Among 68,762 unique tags in the wild-type PMAGE library, 447 were expressed at >60 copies per cell and accounted for 65% of all mRNA molecules. Of the unique tags, 99% were expressed at low abundance (<60 copies per cell). Among 1337 transcription factors identified in the wild-type left ventricle PMAGE library (SOM, note S4), only 13 were present at >60 copies per cell; the remainder were expressed at low abundance.
The comparison of PMAGE profiles from wild-type and prehypertrophic aMHC 403/+ left ventricles (Fig. 2B) demonstrated a surprisingly large number of differentially expressed mRNAs, given the absence of overt pathology in mutant hearts. There were 1486 unique PMAGE tags, corresponding to 706 genes, that were significantly up-regulated or down-regulated (P < 0.01) in the prehypertrophic ventricle (SOM, note S4 and tables S1 and S2). These widespread changes affected components in pathways involved in myocardial excitation-contraction coupling, Ca ++ homeostasis, and energy metabolism (fig. S11) . The vast majority of these differentially regulated transcripts escaped detection by SAGE, which identified only 53 genes with significantly (P < 0.01) altered expression.
We assessed 20 genes that PMAGE identified as both low abundance (54 to <0.3 per cell) and differentially expressed in prehypertrophic aMHC 403/+ hearts. Real-time reverse transcription polymerase chain reaction (RT-PCR) confirmed PMAGE results for 19 of 20 genes ( fig. S10 and Table 2 ). Some of these genes [e.g., Nfkbie (nuclear factor kappa light polypeptide gene enhancer in B cells inhibitor epsilon Nr1h3 (nuclear receptor subfamily 1, group h, member 3), and the gene for the retinoid-responsive nuclear hormone receptor LXRa (liver X receptor a)] have unknown roles in HCM pathogenesis, whereas other genes encode proteins that may stimulate the protean manifestations of HCM: myocyte enlargement, increased cardiac fibrosis, and abnormal calcium homeostasis (14) . Hod (homeobox-only protein), Hand2 (hand and neural crest derivatives 2), Vgll2, and Egr3 (early growth response-3) are transcriptional regulators implicated in myocyte specification and growth during development (15) (16) (17) (18) (19) . Differential expression of these transcripts in prehypertrophic aMHC 403/+ hearts may indi- Table 2 . Examples of low-abundance transcripts with changed expression in prehypertrophic aMHC 403/+ hearts. Low-abundance genes (<60 copies per cell) are listed in order of decreasing transcript abundance in the wild-type left ventricle. Nppa, an established hypertrophy-regulated gene that encodes atrial natriuretic peptide (30) , is the only transcript among these 12 genes that was detected by SAGE as differentially expressed. Tag counts are followed by calculated transcript copies per cell (provided in parentheses). PMAGE tag counts were normalized to 2 million tags per library; actual SAGE tag counts are presented. Differential expression of each gene was confirmed by quantitative RT-PCR ( fig. S10 ). cate that these molecules also function in early growth responses to sarcomere dysfunction. Myocardial fibrosis is characteristic of advanced HCM pathology and contributes to impaired cardiac relaxation, heart failure, arrhythmias, and sudden death (20, 21) . The increased expression of Tgfb1 (transforming growth factor-b1), Ctgf (connective tissue growth factor) and Postn (periostin), potent regulators of fibrosis and collagen deposition (22) (23) (24) , in prehypertrophic ventricles indicates early activation of this pathway, which raises the possibility that fibrosis is not an advanced secondary phenomenon, but a primary contributor to myocardial dysfunction.
Impaired relaxation is the fundamental physiologic abnormality in HCM (25) . Cardiac relaxation and contraction reflects Ca ++ cycling between the sarcoplasmic reticulum and the sarcomere in cardiomyocytes. Ca ++ uptake into the sarcoplasmic reticulum occurs via sarcoplasmic reticulum Ca ++ transport adenosine triphosphatase (ATPase) (SERCA2a/Atp2a2), which is regulated by phospholamban (Pln) and sarcolipin (Sln) (26) . Transcripts encoding each of these proteins were significantly decreased in prehypertrophic hearts ( fig. S11 ), which may directly account for the early impairment in cardiac relaxation previously observed in this model (27) . Downregulation of Abcc9 [adenosine triphosphate (ATP)-binding cassette subfamily C member 9), which encodes SUR2, suggested another mechanism for Ca ++ imbalance in prehypertrophic hearts. SUR2 is the ATPase-regulatory subunit of the inwardly rectifying cardiac K ATP channel, which balances Ca ++ homeostasis with energetic demands (28); Abcc9-null mice develop arrhythmias and myocardial calcium overload (29) .
Notably, PMAGE also revealed significant (P < 0.01) differences in the expression of genes encoding 29 transcription factors between wildtype and prehypertrophic aMHC 403/+ hearts (table S3). The biologic processes evoked by these molecules are likely to be considerable. By interrogating the temporal and spatial expression of these transcription factors, we can potentially dissect the networks activated in this cardiomyopathy, which, in turn, should help identify new molecular targets for therapeutic intervention.
In summary, PMAGE profiling provided reproducible, large-scale transcript identification, with sequence accuracy comparable to SAGE, and greater sensitivity for quantification of rare transcripts. We estimate that sampling~2 million tags provides comprehensive assessment of most mRNAs (fig. S9) ; nevertheless, the current PMAGE platform has the capacity to read more than 4 million tags per experiment. Thus, PMAGE can be used for very deep sampling of one library or analyses of multiple libraries simultaneously by adapting polony beads that contain unique sequence identifiers. PMAGE offers several advantages over other currently available transcription profiling methods at a potentially lower cost ( fig. S12 ). We anticipate that PMAGE studies will help further define mRNA regulatory networks that orchestrate critical cellular processes in healthy and diseased tissues. 1 Thomas R. Gingeras 1 *
Significant fractions of eukaryotic genomes give rise to RNA, much of which is unannotated and has reduced protein-coding potential. The genomic origins and the associations of human nuclear and cytosolic polyadenylated RNAs longer than 200 nucleotides (nt) and whole-cell RNAs less than 200 nt were investigated in this genome-wide study. Subcellular addresses for nucleotides present in detected RNAs were assigned, and their potential processing into short RNAs was investigated. Taken together, these observations suggest a novel role for some unannotated RNAs as primary transcripts for the production of short RNAs. Three potentially functional classes of RNAs have been identified, two of which are syntenically conserved and correlate with the expression state of protein-coding genes. These data support a highly interleaved organization of the human transcriptome.
A large fraction of the noncoding part of a eukaryotic genome is used to make RNA that is sufficiently stable in a cell to be detected by different technological approaches (1-4) . The biological significance of this pervasive transcription is unclear and controversial. One possibility is that only very short regions of such unannotated RNA are biologically relevant (5) . In-depth characterization of RNAs as to their subcellular compartmentalization, size, modifications, and genomic origins can potentially provide clues to their functions. This study reports two general observations derived from the maps of nuclear and cytosolic polyadenylated [poly(A) + ] RNAs longer than 200 nucleotides (nt) (long RNAs, lRNAs) and whole-cell RNAs less than 200 nt (short RNAs, sRNAs) over the entire nonrepetitive portion of the human ge-
